The relationship between membrane permeability, changes in ultrastructure, and inactivation in Escherichia coli strain K-12TG1 cells subjected to high hydrostatic pressure treatment at room and subzero temperatures was studied. Propidium iodide staining performed before and after pressure treatment made it possible to distinguish between reversible and irreversible pressure-mediated cell membrane permeabilization. Changes in cell ultrastructure were studied using transmission electron microscopy (TEM), which showed noticeable condensation of nucleoids and aggregation of cytosolic proteins in cells fixed after decompression. A novel technique used to mix fixation reagents with the cell suspension in situ under high hydrostatic pressure (HHP) and subzero-temperature conditions made it possible to show the partial reversibility of pressure-induced nucleoid condensation. However, based on visual examination of TEM micrographs, protein aggregation did not seem to be reversible. Reversible cell membrane permeabilization was noticeable, particularly for HHP treatments at subzero temperature. A correlation between membrane permeabilization and cell inactivation was established, suggesting different mechanisms at room and subzero temperatures. We propose that the inactivation of E. coli cells under combined HHP and subzero temperature occurs mainly during their transiently permeabilized state, whereas HHP inactivation at room temperature is related to a balance of transient and permanent permeabilization. The correlation between TEM results and cell inactivation was not absolute. Further work is required to elucidate the effects of pressure-induced damage on nucleoids and proteins during cell inactivation.
High hydrostatic pressure (HHP) processing is an emerging technology that has stimulated considerable interest in the food industry. HHP can be used alone or in combination with thermal or nonthermal techniques for the inactivation of a wide variety of microorganisms. Combined treatments have been investigated in order to optimize HHP processes to allow large-scale applications in the food industry. The combination of HHP with low and subzero temperatures is an attractive method of process optimization that is compatible with the so-called cold stabilization brand image of HHP-processed foods. Several authors have reported an enhancement of pressure inactivation of various microorganisms at low (17, 36) and subzero (9, 10, 38) temperatures. In the latter studies, cell suspensions were frozen prior to pressurization, perhaps because of difficulties in maintaining the liquid state of aqueous cell suspensions during HHP and subzero-temperature combinations, and the effects of freeze-thaw phenomena or possible solid-solid phase transitions of water molecules under hyperbaric and subzero-temperature conditions were disregarded. Such phase transition phenomena have been reported to enhance the pressure inactivation of Listeria innocua cells (18, 30) and Bacillus subtilis vegetative cells (32) . A very precise control of pressure and temperature is required to detect freezing in the cell suspensions being treated and to ensure pressurization in the liquid state. Recent studies reported pressurization in the liquid state at subzero temperature of yeast Saccharomyces cerevisiae (29) , of the gram-positive bacterium Lactobacillus plantarum (29) , and of the gram-negative bacterium Escherichia coli (23) .
HHP research has been focused primarily on the cellular targets and the mechanisms of HHP-induced microbial inactivation. The cell membrane has been suggested to be one of the major targets (8, 22, 25, 39, 40) . Loss of physical integrity of E. coli outer and inner membranes has been demonstrated by the increased uptake of fluorescent probes such as propidium iodide (PI), a DNA binding dye that does not penetrate intact cytoplasmic membranes (1, 8, 25) , and the hydrophobic dye 1-N-phenylnaphtylamine, which is excluded from access to outer and cytoplasmic phospholipids by an intact outer membrane (8, 13) . Pressure-mediated thermotropic changes in membrane lipids have been suggested as a possible mechanism of membrane permeabilization (19, 28) . Perrier-Cornet et al. (27) related pressure-induced shape modifications of phospholipid vesicles to phase transition and differential compression rates of intravesicle bulk water and the vesicle membrane. Furthermore, the phase transition of a lipid bilayer from the liquid crystalline phase to a gel phase would be expected to alter the environment of membrane-bound proteins (11) . This phenomenon could induce the loss of membrane functionality described by several authors (15, 31, 40, 41) . Ribosomes and cytoplasmic proteins could also be affected by pressure (24) . Transmission electron microscopy (TEM) offers the attractive possibility of identifying such structural changes in microorganisms. TEM studies by Mackey et al. (21) of the pressureinduced structural changes in Listeria monocytogenes and Salmonella enterica serovar Thompson showed enlarged fibrillar regions and amorphous compacted regions. These observations have been assumed to be due, respectively, to denatured DNA and to cytoplasmic proteins. Similar observations have been reported by Park et al. (26) and Kaletunç et al. (14) .
Taken together, the above observations have led to the proposal of several hypotheses about the mechanisms of HHP inactivation of microorganisms. However, the distinctive effects on the membrane integrity and ultrastructure of cells of combined HHP and subzero-temperature treatments have not been thoroughly characterized. Furthermore, there remains a major unanswered question about the reversibility of these effects.
This work aimed to investigate the mechanisms leading to cell inactivation by HHP treatment and to study whether there are different targets at room and subzero temperatures. The study was focused on an assessment of membrane permeabilization and changes in the ultrastructure in E. coli K-12TG1 cells and on the relationship of these parameters to cell inactivation. Reversible and irreversible loss of cell membrane integrity was assessed using PI staining. In order to examine the exact state of E. coli cells under pressure and assess the possible reversibility of the ultrastructural changes, a novel technique was developed to mix fixation reagents with the cell suspension in situ under HHP and subzero-temperature conditions.
MATERIALS AND METHODS
Bacterial strain and growth conditions. A stock culture of E. coli K-12TG1 [supE hsd⌬5 thi⌬(lac-proAB)FЈ (traD36 proAB lacI q lacZ⌬M15)] was maintained on Luria-Bertani (LB) stock agar plates (Sigma Aldrich, France). E. coli was subcultured by transferring a single colony from the stock plate to an autoclaved test tube containing 9 ml of LB broth at a pH of approximately 6.7 (not adjusted). This tube was then incubated statically for 16 h at 37°C. The E. coli culture was inoculated (1% [vol/vol]) into 20 ml of LB broth, and this was grown statically at 37°C for 24 h until it reached stationary phase.
HHP treatments. (i) Sample preparation.
Samples of approximately 800 l of E. coli culture were transferred aseptically to polyethylene bags (Samco) that were heat sealed after the exclusion of air bubbles. Samples were then placed at room temperature and pressure until pressurization. The final cell concentration ranged from 4 ϫ 10 8 to 8 ϫ 10 8 CFU ml Ϫ1 .
(ii) HHP experimental setup. HHP treatments were performed using a highpressure vessel (Laboratoire d'Ingénierie des Matériaux et des Hautes Pressions, France) of a 40-mm outside diameter, a 7-mm inside diameter, an 86-mm height, and a 60-mm depth. This vessel had an inner volume of 4 ml and was capable of operating at up to 600 MPa. Pressure was generated using a hand pump (Novaswiss, Switzerland). Ethanol was chosen as the pressure-transmitting fluid based on its low freezing point. The pressure inside the sample chamber was monitored using a pressure gauge (Sedeme, France). The temperature was measured using a type K thermocouple (NiCr/NiAl, response time of 70 ms; Thermocoax, France) positioned close to the sample. Pressure and temperature data were recorded using a data acquisition device (instruNet; GW Instruments). The global accuracy of each acquisition channel was approximately 0.5°C for temperature and 0.5% for pressure.
(iii) High-pressure treatment at ؉25°C. HHP of up to 550 MPa was applied to the bacterial samples. The pressure was increased slowly by operating the hand pump. The temperature was maintained at ϩ25°C by immersing the highpressure vessel in a temperature-controlled water bath. Compression heat was minimal (less than ϩ2°C) at all pressure targets, and this was rapidly dissipated due to the low compression rate and the temperature-controlled water bath. Treatment time was measured from the time immediately after the target pressure was reached. Pressure was then held constant for 10 min before the decompression phase was initiated. The ramp-up and ramp-down times were 2 min 30 s regardless of the target pressure. For treatments with a 0-min holding time, decompression was initiated immediately after the pressure ramp-up to 250 MPa.
(iv) HHP treatments at ؊10 and ؊20°C in liquid conditions. Combined high-pressure and subzero-temperature treatments were performed as described previously (23) . Two cryostats loaded with 95% ethanol as the circulating fluid were used consecutively to lower the temperature of the HHP vessel. For treatments performed at Ϫ10°C, the first cryostat (F81-HP; Julabo, Germany) was maintained at Ϫ30°C in order to accelerate heat transfer. The HHP vessel was first immersed in this cryostat until the temperature of the sample chamber reached ϩ2°C and then transferred into a second cryostat (RC6CP; Lauda, Germany) maintained at Ϫ10°C in order to hold a constant temperature during the treatment process. For treatments performed at Ϫ20°C, the first cryostat was maintained at Ϫ60°C, and the HHP vessel was transferred into the second cryostat maintained at Ϫ20°C as soon as the temperature inside the sample chamber reached 0°C. Pressure was increased while the temperature was lowered in a manner to reach pressure and temperature targets at approximately the same time. After the required holding time (10 min) at the appropriate temperature and pressure, the HHP vessel was reheated by immersion in a water bath maintained at ϩ27°C. Pressure was simultaneously released by slowly operating the hand pump in a manner to reach ambient pressure and temperature at approximately the same time.
Pressure treatments at subzero temperature were performed under liquid conditions whatever the pressure and temperature levels. Indeed, precise pressure and temperature monitoring made it possible to identify possible liquid-toice I, -ice III, and -ice V phase transitions (23) .
Enumeration of viable E. coli cells. HHP-treated samples were serially diluted, and appropriate dilutions were then plated onto LB agar plates. These were incubated for 22 h at ϩ37°C, after which CFU were counted. The microbial inactivation achieved with each treatment was expressed as the logarithmic decrease in viability according to the following equation: Dlog ϭ log 10 (n/n 0 ), where n is the number of CFU ml Ϫ1 after treatment and n 0 is the number of CFU ml Ϫ1 from the untreated sample. Results are reported as the means of three to six separate experiments.
The 95% confidence intervals of the means were determined based on n/n 0 quotient calculations. Student's t test was performed to determine the statistical significance (P Ͻ 0.05) of differences between the inactivation data.
Cell staining and epifluorescence microscopic imaging. (i) Assessment of reversible and irreversible cell membrane permeability to PI. Cell membrane permeability was assessed using PI staining. A 1.5 mM stock solution of PI (Sigma Aldrich, France) in water was diluted with sterile distilled water to a concentration of 0.3 mM. Pressure-treated samples of E. coli were stained with PI added to a final concentration of 75 M. After incubation for 15 min, the samples were centrifuged twice at 2,880 ϫ g and washed in a water-glycerol mixture (44.88 g of glycerol [Sigma Aldrich, France] in 1,000 g of water; osmotic pressure of approximately 1.38 MPa).
A modified procedure of cell staining with PI was used in order to assess the reversibility of cell membrane permeabilization. PI was added to the cell suspension before HHP treatment at a final concentration of 75 M. After pressure treatment, the samples were centrifuged and washed as described above.
For both procedures, samples were examined under an inverted Nikon TE2000-E microscope (Nikon Corporation, France) equipped with a Nuance multispectral imaging system (Cambridge Research & Instrumentation). A 100ϫ objective was used with a total magnification of ϫ1,000. Black-and-white images were captured to show the total cell population. A monochromatic epifilter (540-to 580-nm and 600-to 660-nm excitation and emission wavelengths, respectively) was used, and color images were captured to show only cells exhibiting red fluorescence from DNA labeling with PI as a result of membrane permeabilization.
The cell membrane permeabilization achieved with each treatment was expressed as the percentage of red fluorescent cells compared to total cell counts for the black-and-white images (at least 300 cells). Red fluorescent cells labeled with PI added after decompression were considered as irreversibly permeabilized. The percentage of reversible cell membrane permeabilization was calculated as the difference between the percentage of irreversibly permeabilized cells and the percentage of red cells obtained when PI was added before treatment. The 95% confidence intervals of the means were determined, and Student's t test was performed to determine statistical significance (P Ͻ 0.05).
(ii) Staining cellular nucleoids and proteins. Cellular nucleoids were visualized in treated samples by staining with 100 M 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (Sigma Aldrich, France). A 130 M solution of fluorescein isothiocyanate (FITC) (Sigma Aldrich, France) was used to stain cellular proteins of treated samples. For both DAPI and FITC staining, samples were incubated for 15 min, centrifuged, and washed as described above. Microscopic imaging was then performed as described above using epifluorescence light with the appropriate monochromatic filter as follows: 340-to 380-nm excitation and 435-to
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485-nm emission wavelengths for DAPI staining and 460-to 500-nm excitation and 510-to 560-nm emission wavelengths for FITC staining.
TEM. (i) Fixation after decompression.
After the HHP treatments, both the treated and the untreated samples were immediately mixed with a fixative solution (4% paraformaldehyde and 1.5% glutaraldehyde in 100 mM phosphate buffer, pH 7.4; Merck, France) for 30 min at room temperature. The cells were then pelleted by centrifugation (2,880 ϫ g for 5 min at ϩ25°C), and the supernatant was discarded. The cell pellets were resuspended in phosphate buffer and pelleted as before, and the process was repeated twice more to remove excess fixative. Samples were then transferred to the Laboratory of Histology of the Faculty of Medicine (Université de Bourgogne, France). There, the cells were postfixed in 1% osmium tetroxide (Euromedex, France) for 1 h in darkness at room temperature. Afterward, cells were dehydrated in increasing concentrations of ethanol as follows: in 30%, in 50%, in 70%, in 95%, and three times in 100% for 15 min each. Then, cells were transferred to three consecutive baths of propylene oxide (Merck, France) for 15 min each. Samples were then embedded in EPOX 812 resin and finally polymerized at ϩ60°C for 48 h. Ultrathin sections (80 nm) were cut on an ultramicrotome, placed on a 200-mesh copper-palladium grid, and stained with 5% uranyl acetate (Merck, France) in order to improve contrast. Grids were examined at 80 kV in a Hitachi 7500 TEM equipped with a camera and specific software (Advanced Microscopy Techniques) allowing digitization of TEM micrographs.
(ii) Technique for cell fixation under HHP and subzero conditions. In order to examine the state of E. coli cells under pressure and to assess the possible reversibility of ultrastructural changes, a special technique was devised to mix fixation reagents with the cell suspension under HHP and subzero-temperature conditions (Fig. 1) . A 600-l sample of E. coli culture was transferred aseptically to a transfer pipette and a weighted needle was immersed in the sample before a thin layer of castor oil was carefully placed over the sample. Finally, the fixative solution (400 l of the paraformaldehyde-glutaraldehyde mixture) was placed over the castor oil layer. The transfer pipette was heat sealed at the upper side and placed inside the HHP sample chamber. The HHP vessel was then tightly closed and connected to the pump. Pressurization was then performed as described above. E. coli cells were fixed under pressure by vigorously inverting the vessel, allowing the cell suspension and fixative solution to mix. The effectiveness of the weighted needle in breaking the castor oil layer was verified using a fixative solution stained with a dye visible to the naked eye. This fixation procedure was used to fix cells under hyperbaric conditions (250 MPa at ϩ25°C and Ϫ20°C) after 0-and 10-min holding times. The fixed cells were postfixed and embedded, and the ultrathin sections were prepared as described above.
(iii) Examination of TEM micrographs. The structural changes observed for E. coli sections were quantified by examining a number of micrographs for each treatment. The percentage of affected cells was calculated with respect to the total number of cells examined (at least 300) for each micrograph.
RESULTS
Inactivation of E. coli cells by HHP treatment at room and subzero temperatures. E. coli cells were exposed to pressure treatments of up to 550 MPa at Ϫ20°C, Ϫ10°C, and ϩ25°C for 10 min. Figure 2 shows the logarithmic decrease in the viability of E. coli cells as a function of pressure and temperature. Pressure of 150 MPa did not induce a significant loss of viability at ϩ25°C. However, it induced a 1.5-log unit inactivation at Ϫ10°C and Ϫ20°C. This enhancement of E. coli inactivation at subzero temperature was also noticeable at 250 MPa. Indeed, the rate of inactivation was approximately 2.3 log units higher at Ϫ10°C and Ϫ20°C than at ϩ25°C. The gap between inactivation rates at room and subzero temperatures was reduced at 350 MPa. This trend resulted from the consistent increase of microbial inactivation at ϩ25°C and its slow progression at Ϫ10°C and Ϫ20°C. At 450 and 550 MPa, E. coli inactivation at Ϫ10°C and Ϫ20°C leveled off, although it was consistently increased at ϩ25°C. Accordingly, the complete inactivation of the initial cell population was achieved at 550 MPa and ϩ25°C, while inactivation did not exceed 4.7 log units at Ϫ10°C and Ϫ20°C. Thus, the synergy between subzero temperature and HHP observed at 150 and 250 MPa was completely reversed at 450 and 550 MPa, and microbial inactivation was higher at ϩ25°C than at Ϫ10°C and Ϫ20°C.
The different behaviors with regard to pressurization at room and subzero temperatures shown by E. coli strain K-12TG1 were also observed for strain LCB 320 (data not shown).
HHP-mediated permeabilization at room and subzero temperatures. Figure 3 shows the levels of irreversible and reversible cell membrane permeability as a function of the pressure level at ϩ25°C and Ϫ20°C. Irreversible cell membrane permeability to PI was determined by staining cells after HHP treatments. When PI was present in the suspending medium during treatment, more cells took up the dye than when PI was added after decompression. The difference between the percents Exposure of E. coli cells to 150 MPa at Ϫ20°C induced 35% reversible permeabilization and 9% irreversible permeabilization, whereas at ϩ25°C only a low level of irreversible permeabilization was induced (4%). The percentage of reversible membrane permeabilization at Ϫ20°C increased slightly at 250 MPa and then again at 350 MPa and leveled off at 450 and 550 MPa. The same tendency was observed for irreversible permeabilization at Ϫ20°C, which increased up to 17% at 350 MPa and then leveled off. Treatments at ϩ25°C and 250 to 450 MPa induced similar degrees of reversible and irreversible permeabilization. HHP-mediated permeabilization to PI was highest at 550 MPa and ϩ25°C. For this treatment, reversible permeabilization seemed to decrease slightly in favor of irreversible permeabilization. In addition, membrane permeability did not reach 100%, as observed for heat treatment (90°C for 10 min), although in both cases microbial inactivation was complete. Similar observations have been reported for Lactobacillus rhamnosus GG (1). This indicates that the mechanisms of cell injury by pressure and heat are markedly different.
Changes in the ultrastructure of E. coli after HHP treatment at room and subzero temperatures. E. coli cells were collected before and after being exposed to a selected set of HHP treatments. Thin sections of fixed and embedded cells were prepared and examined using TEM. Micrographs are presented in Fig. 4 . Untreated control cells displayed a uniform cytosol and evenly distributed electron-transparent regions representing bacterial nucleoids (Fig. 4E) . Moreover, epifluorescence micrographs of control cells stained with DAPI and FITC showed evenly distributed fluorescence inside the cytoplasm (Fig. 5A  and B) . HHP treatments induced spectacular changes in the Table 1 shows that these structural changes were observed to various extents depending on the treatment. Indeed, the exposure of cells to 150 MPa pressure for 10 min at ϩ25°C induced a slight increase in transparency within the nucleoid regions (Fig. 4A ). For the same pressure level, the combination with Ϫ20°C caused condensation of the nucleoids in 78% of the cells and the appearance of some clumps of aggregated protein within 45% of the cells (Fig. 4B) . TEM micrographs of 250-MPa treatments at ϩ25°C and Ϫ20°C for 10 min displayed a proportion of cells with condensed nucleoids and aggregated proteins higher than that seen for treatment at 150 MPa ( Fig.  4C and D) . Both the intensity and the frequency of protein aggregates within the cell cytoplasm were accentuated after treatment at 350 MPa and ϩ25°C (Fig. 4F) . Epifluorescence micrographs of pressure-treated cells at 450 to 550 MPa at ϩ25°C and 350 to 550 MPa at Ϫ20°C show approximately the same extents of nucleoid condensation and protein aggregation (more than 95% condensation/aggregation; data not shown). Kinetics and reversibility of nucleoid condensation and protein aggregation. Studying the kinetics and reversibility of protein aggregation and nucleoid condensation could be a promising avenue to better understand the involvement of such Fig. 1 . Untreated control cells were fixed using the same procedure as that for treated cells (micrograph not shown) and displayed the same appearance, as shown in Fig. 4E . Table 2 shows that nucleoid condensation occurred within more than 90% of cells as soon as pressure reached 250 MPa at both ϩ25°C (Fig. 6A) and Ϫ20°C (Fig. 6C) . Nucleoids became progressively more clustered and fibrillar during the holding time at 250 MPa. Protein aggregation seems to be a later event, since it can be observed clearly only after a 10-min treatment at 250 MPa and occurred in 88% of cells at ϩ25°C (Fig. 6B ) and in 96% of cells at Ϫ20°C (Fig. 6D) .
Nucleoid condensation for cells fixed under pressure after a 10-min treatment ( Fig. 6C and D) seems slightly more intense than for cells fixed after decompression (Fig. 4B and D) . Indeed, condensed nucleoids shown in Fig. 6B to D look slightly more packed and irregularly positioned (often skewed across the cell) than those shown in Fig. 4C and D. This in turn suggests a possible reversibility in nucleoid condensation, noticeable especially for treatments performed at Ϫ20°C. However, based on micrograph examination, protein aggregation did not seem to be reversible.
DISCUSSION
E. coli strain K-12TG1 was chosen for this study because of its ability to survive exposure to HHP treatments up to high pressure levels (above 200 MPa). Moreover, this strain showed different behaviors at room and subzero temperatures. For this reason, the pressure-mediated inactivation of E. coli was investigated and cells were characterized with regard to membrane integrity and ultrastructural changes to study whether the mechanisms of cell death were different at room and subzero temperatures.
Pressure-mediated cell membrane permeabilization. (i) Maintaining cells under a permeabilized state is detrimental to their survival. The assessment of membrane integrity by the exclusion of PI has been proposed by several authors (2, 8, 25) . Results from our study show a low uptake of PI in cells stained after decompression, whereas a high extent of staining occurred when PI was present in the suspending medium during pressurization. We expressed these results in terms of reversible and irreversible permeabilization. Others have reported similar observations. PI staining of L. plantarum cells revealed only irreversible membrane damage after pressure treatments, It is noteworthy that the changes of membrane permeabilization with pressure and temperature were consistent with the qualitatively similar changes in cell inactivation. Indeed, if the percentages of reversible permeability and irreversible permeability are added together, HHP treatments induced higher levels of membrane permeabilization at pressures below 350 MPa and lower levels of permeabilization at pressures above 350 MPa at Ϫ20°C than at ϩ25°C (Fig. 3) . Likewise, the inactivation rate was higher at Ϫ20°C than at ϩ25°C for pressure levels of up to 350 MPa, while the opposite trend was observed for pressure treatments of 450 and 550 MPa. Treatments at 150 and 250 MPa, which induced cell inactivation at Ϫ20°C significantly higher than that seen at ϩ25°C, produced similar extents of irreversible permeabilization for both temperatures. Moreover, pressure treatments at Ϫ20°C induced mainly reversible permeabilization to PI (Fig. 3) . Hence, cell inactivation by HHP treatments at Ϫ20°C seems closely related to reversible rather than to irreversible permeabilization. However, it should be mentioned that this correlation is qualitative rather than quantitative. Table 2 shows that the percentage of cell membrane permeability increased with holding time under a 250-MPa treatment, especially at Ϫ20°C. This increase in PI uptake during holding time could be explained by the diffusion of PI molecules through damaged membranes and/or an increase in the extent of permeabilization. This hypothesis could also explain the mass transfer from the cytoplasm to the external medium described by some authors. Shimada et al. (33) reported leakage of internal UV-absorbing substances after pressure treatments of up to 600 MPa. Moreover, these authors reported that a mild pressure treatment of 200 MPa induced a high extent of leakage at subzero temperature but not at room temperature. Perrier-Cornet et al. (28) attributed to membrane permeabilization the leakage of intracellular solutes (Na ϩ , K ϩ , and Ca 2ϩ ) in yeast cells subjected to HHP treatment at 250 MPa. Using a real-time visualization device, these authors demonstrated that the average volume of yeast cells decreased to 85% of their initial volume during compression to 250 MPa. Moreover, cell volume was found to decrease steadily during holding time at 250 MPa (cells retained only 65% of their initial volume after a 15-min treatment). Shrinkage was found to be partly reversible because cells did not entirely recover their initial volume. These variations in cell volume emphasized mass transfer from the cytoplasm through the permeabilized cell membrane and were correlated with a subsequent decrease in yeast viability. Recently, Simonin et al. (34) associated time-dependent cell death during the application of a hyperosmotic stress to the maintenance of the plasma membrane in a transient state, namely, a phase separation state, that led to the leakage of cell components.
Taken together with the results of previous work (28, 34), our results lead to the suggestion that the inactivation of E. coli cells under combined HHP and subzero temperature occurs mainly during the time when they are transiently permeabilized. Indeed, maintaining cells in the permeabilized state under pressure is detrimental to the maintenance of homeostasis and leads ultimately to cell inactivation. At room temperature, cells are inactivated equally because of transient and permanent membrane permeabilization.
(ii) Possible mechanisms of cell membrane permeabilization. The mechanism of cell membrane permeabilization under pressure is not immediately obvious. However, it would be instructive to suggest and discuss the relevance of some hypotheses. Pressure causes closer packing of the hydrocarbon chains of membrane phospholipids, resulting in a decrease in membrane fluidity, and protein functions are influenced by the fluidity of the surrounding lipids (40) . Moreover, changes in thickness and the cross-sectional area of the hydrocarbon region during phase transition would be expected to alter the environment of membrane-bound proteins in the contact surfaces of proteins and water and/or proteins and the lipid bilayer, leading to protein separation from lipid (11, 15) . Kato et al. (15) suggested that pressure of up to 220 MPa causes a reversible decrease in the membrane fluidity of the lipid bilayer and a partially reversible dissociation and/or conformational change in Na ϩ /K ϩ -ATPase, allowing transmembrane tunnels to be created. For pressures above 220 MPa, protein unfolding and interface separation would lead to irreversible membrane damage (15) . In addition, pressure and subzero temperature act similarly on membrane fluidity. Subzero temperature alone can induce protein destabilization (7) that can be enhanced under pressure (35) . Accordingly, the high extent of reversible membrane damage observed for pressure levels of up to 350 MPa at Ϫ20°C in our study (Fig. 3) could be related to reversible changes in membrane fluidity and the conformation of membrane-bound proteins. However, the high extent of irreversible membrane permeabilization observed at ϩ25°C and 350 MPa or above could be related to irreversible protein destabilization.
Another approach to explain membrane permeabilization could be to focus on the difference in compressibility between the cell membrane and water in the cytoplasm. Indeed, as demonstrated previously (3, 27) , phospholipid vesicles with a highly compressible membrane lose part of their water content during compression because of the high compressibility of the phospholipid bilayer compared to that of the aqueous content. This water outflow did not occur in the case of vesicles with less compressible membranes. In our study, if cells behave in a way similar to that of phospholipid vesicles, the compressibility of their cytoplasm and that of their membranes will determine the severity of membrane damage induced under pressure. The involvement of the compressibility of water, considered the major constituent of the cell cytoplasm, is obvious. According to Bridgman (4) , the compressibility of water increases with decreasing temperature. By contrast, the compressibility of proteins and hydrocarbon chains decreases with decreasing temperature (5) . Thus, one could reasonably expect that the difference in compressibility between the cell membrane and the cytoplasm would be greater at room temperature than at subzero temperature. In turn, pressure-induced membrane damage would be more dramatic at room temperature than at VOL. 73, 2007 EFFECTS OF HHP AND SUBZERO TEMPERATURE ON E. COLI 6515 subzero temperature. This could explain the high extent of irreversible permeabilization observed at ϩ25°C compared to Ϫ20°C (Fig. 3) . Our study points out a clear disproportion between the degree of cell inactivation and that of loss of membrane integrity. For example, treatments at 250 MPa induced more than 90% and 99.9% of cell inactivation at ϩ25°C and Ϫ20°C, respectively (Fig. 2) , although membrane permeability, irrespective of its reversibility, did not exceed 32% at ϩ25°C and 53% at Ϫ20°C. This means that a proportion of HHP-treated cells are neither recoverable by plate counts nor stained with PI. Such cells have been described as being living but metabolically inactive (2) . In addition, although these cells did not take up PI, they may be permeabilized to the extent that ions, water, and other small molecules can leak into or out of the cell cytoplasm, leading to cell death. In addition, cell death may result from the loss of metabolic functions involving ribosomes or other vital cytosolic constituents.
Pressure-mediated structural changes. (i) Could cell inactivation be correlated with pressure-mediated nucleoid condensation and protein aggregation revealed by visual examination of TEM micrographs? The evidence of TEM micrographs from our study does not show visible membrane damage that could correspond to the pressure-induced permeabilization described for Fig. 3 . This leads to the suggestion that pressure treatments of up to 550 MPa are not sufficient to induce visible changes in the morphology of cells even with permeabilized membranes.
Condensation of nucleoids and aggregation of cellular proteins were obvious changes in the internal structure of treated E. coli cells. The condensed nucleoids were often irregularly positioned within the cell cytoplasm area. This asymmetric appearance was observed previously for S. enterica (21) . Condensation of nucleoids was also reported for L. monocytogenes (21) and L. plantarum (41) . More recently, Mañas and Mackey (22) observed nucleoid condensation of E. coli cells in both exponential-and stationary-phase cells stained with DAPI. In addition, our TEM micrographs showed the appearance of dense clusters that correspond to aggregated cytosolic proteins and ribosomes. Such clumps have been reported for S. enterica (21) , E. coli (22) , and Leuconostoc mesenteroides (14) . Table 1 presents an attempt to examine nucleoid condensation and protein aggregation in conjunction with microbial inactivation after different pressure treatments for 10 min. The extent of condensed nucleoids and aggregated proteins as well as the rate of cell inactivation was lowest upon treatment of 150 MPa at ϩ25°C. Hence, it could be inferred that a pressure of 150 MPa at room temperature was not sufficiently high to cause damage to the ultrastructure of cells. The proportions of cells with condensed nucleoids were approximately the same after treatment with 250 and with 350 MPa at ϩ25°C (83% and 89%, respectively). However, the inactivation increased to 93% for 250 MPa and increased further to more than 99% for 350 MPa. These observations are consistent with those reported by Wouters et al. (41) , who observed similar extents of DNA condensation after 10-min treatments at 250 and 350 MPa, although the inactivation rates were very different (0% and 99.5% for 250 and 350 MPa, respectively). A similar discrepancy is observed between protein aggregation and microbial inactivation measured by CFU counts (Table 1) . Table 2 shows that the percentage of cells displaying protein aggregates and the inactivation rate increased with holding time under pressure, especially at Ϫ20°C. By contrast, more than 90% of cells displayed condensed nucleoids after 0-and 10-min treatments at 250 MPa at both ϩ25°C and Ϫ20°C, despite the variation in cell inactivation as a function of temperature and holding time.
Taken together, these observations suggest that there is no absolute correlation between cell inactivation and DNA condensation/protein aggregation evaluated on the basis of visual examination of TEM micrographs.
(ii) Possible mechanisms of nucleoid condensation and protein aggregation. Pressure-induced condensation of nucleoids could be related to conformational changes in the DNA duplex under pressure. Numerous studies have focused on the conformational stability of DNA at high pressure (6, 12, 20) . Given the small volume change associated with DNA transition under pressure from the helical form to the coil form, the doublestranded structure of DNA is stabilized by elevated pressure (20) . Hence, the clustering of nucleoids we observed in the TEM micrographs does not necessarily indicate the denaturation of DNA. Condensation can result simply from changes in DNA packing in the cell, a phenomenon that has not been reported to be detrimental to DNA functionality. Furthermore, some authors have shown that tRNA undergoes conformational changes at a high pressure of 600 MPa but remains able to bind to ribosomes and to participate in the synthesis of polyphenylalanine in vitro (16) . The difference between the appearances of nucleoids fixed under pressure and of those fixed after pressure treatment may result from the relaxation of packed DNA duplexes during decompression. In addition to the direct packing effect, pressure can act on protein-DNA complexes. Indeed, many DNA binding proteins and most enzymes that catalyze reactions with DNA require divalent metal ions. The ionic interactions between protein-DNA complexes and divalent ions are disrupted by pressure (20) . Moreover, cell membrane permeabilization under pressure can lead to the leakage of divalent ions, leading to damage to the structure and the functionality of nucleoids. However, further work is needed to determine the type of damage that affects nucleoids under pressure and to enable the partial correlation between nucleoid damage and cell inactivation to be explained in a manner better than that possible based on the visual examination of micrographs.
The dense aggregated clumps observed on TEM micrographs correspond to cytosolic proteins and/or ribosomes, since they were labeled with FITC (Fig. 6) . Their aggregated appearance could result from denaturation under pressure. This would be consistent with calorimetric studies showing a decrease of ribosome-associated enthalpy in cells subjected to pressure treatments (14, 24) . In addition, it is well established that Mg 2ϩ has a stabilizing effect on ribosome structure (37) . As stated previously, ribosomes could be destabilized under pressure because of membrane permeabilization and leakage of internal Mg 2ϩ content from the cell cytoplasm (24) . Tables  1 and 2 do not permit an obvious correlation between aggregate formation and cell inactivation. Accordingly, a direct role of denaturation of cytosolic proteins and/or ribosomes in the cell death process remains questionable. Further work is needed to characterize more precisely the nature of proteins contained in the aggregates and to clarify their involvement in cell inactivation.
With respect to the data presented in Tables 1 and 2 , the extent of protein aggregation in cells fixed before decompression was not very different from that observed for cells fixed after decompression. Moreover, there is no noticeable difference in the appearances of protein clumps fixed before and after decompression. However, it could be hypothesized that reversal of protein aggregation does occur but could not be discriminated based on visual examination of TEM micrographs.
Conclusion. Our study supports the widely established view that membrane damage is a key mechanism involved in the inactivation of cells by high pressure. The nature of membrane damage was found to depend on the temperature of pressurization. Indeed, pressure treatments at subzero temperature induced mainly reversible permeabilization, while both reversible and irreversible permeabilization occurred at room temperature. However, the correlation between cell inactivation and membrane permeabilization is qualitative rather than quantitative. Accordingly, other mechanisms, such as loss of metabolic functions involving ribosomes or other vital cytosolic constituents, should not be neglected.
TEM results showed obvious changes in nucleoids and cytosolic proteins of cells fixed after decompression. A novel technique was used to mix fixation reagents with the cell suspension under HHP and subzero-temperature conditions. This technique made it possible to demonstrate the partial reversibility of nucleoid condensation under pressure. However, visual examination of TEM micrographs was based on the "all or nothing" rule, which did not allow an absolute correlation of structural changes with cell inactivation. Further work should be undertaken with a view to better elucidating the involvement in cell inactivation of pressure-induced damage to nucleoids and proteins.
